Introduction {#S0001}
============

Acute liver failure (ALF) and acute on chronic liver failure (AoCLF) have high mortality rates without liver transplantation (LT) \[[@CIT0001]\]. Standard therapeutic strategies include treatment of infections and hemorrhages, and supportive treatment of remote organ dysfunctions such as hepatic encephalopathy, renal failure, coagulopathy, circulatory dysfunction and acute respiratory distress syndrome. Patients with hyper acute ALF have a relatively good long-term prognosis if they survive the initial most critical period with hyper-ammonia-related brain edema, whereas patients with less acute ALF and AoCLF most often need LT to survive \[[@CIT0004]\]. Due to organ shortage, several patients die while waiting for a LT. Accordingly, there is a crucial demand for a well-functioning extracorporeal liver system to safely bridge the patients to either spontaneous recovery or to LT.

Randomized controlled trials (RCTs) have not shown improved long-term survival in any of the commercially available extracorporeal liver systems, but final conclusions cannot be drawn at this stage \[[@CIT0005]\]. The most frequently used system is the non-biological Molecular Adsorbent Recycling System (MARS, Gambro, Lund, Sweden). In short, using this system the patient's blood is dialyzed against a high-flux albumin-coated polysulfone filter with a cut-off of 60 kDa and a counter-current albumin-enriched dialysate. The albumin circuit is cleansed by dialyzing it against a conventional dialysate and by letting it pass through charcoal and anion-exchange resin columns. By removing substances such as bilirubin, bile- and fatty acids, mercaptans, phenols, manganese, copper, nitric oxide and cytokines, one think that liver regeneration can be facilitated and that multi-organ dysfunction can be prevented \[[@CIT0008]\].

Our hospital has used the MARS system since 2005. Since controlled trials have failed to show improved long-term survival rates when using MARS in patients with AoCLF, and given the lack of other well documented therapeutic options, we restrict the use of this relatively expensive treatment to our most critically ill patients with ALF \[[@CIT0005]\]. Our primary inclusion criterion for treating ALF patients with MARS is that (i) the patient is listed for emergency LT and (ii) that it presents with hepatic encephalopathy grade 3-4 combined with (iii) serum ammonium concentrations higher than 150 µmol/L. We also treat some patients with primary non-function (PNF) after LT. In special cases, we consider other indications such as liver failure after major liver resections and severe intractable pruritus. We herein report that all ALF patients at our institution were treated with MARS while waiting for LT.

Methods {#S0002}
=======

Study population {#S0003}
----------------

This is a retrospective report on all patients treated with MARS in the intensive care unit at Oslo University Hospital, Rikshospitalet since the first patient was treated in March 2005 until January 2014. Rikshospitalet is a tertiary center for patients with liver failure primarily admitting potential candidates eligible for LT. The study was approved by the institution's personal protection ombudsman (overseer) as a quality assurance study.

Molecular adsorbing recirculating system {#S0004}
----------------------------------------

After correction of coagulopathy, an acute dialysis catheter was inserted either through an internal jugular or subclavian vein. The MARS circuit (Gambro, Lund, Sweden) was used in continuous venovenous hemodiafiltration (CVVHDF) mode and attached a continuous renal replacement therapy (CRRT) device to the circuit. We used CRRT devices from various manufacturers, but all treatments were run in CVVHDF mode. Blood flow rate was set at 120--300 mL/min in adults and 50--90 mL/min in children. Filtration and dialysis flow rates were equal at 30--40 mL/kg/h. MARS was run continuously except for minor breaks when filters were changed every 8--12 h. All treatments were performed without any kind of anticoagulation.

Biochemical parameters {#S0005}
----------------------

Biochemical parameters are reported from samples drawn 0--1 h prior to starting MARS (baseline), 1--2 h into the treatment, and finally when MARS treatment was ended (1--8 h after treatment). Baseline samples were drawn after insertion of the dialysis catheter, i.e., after correction of coagulopathy. Concentrations of hemoglobin, platelets, white blood cell count (WBC), electrolytes, ammonium, bilirubin, transaminases, lactate dehydrogenase (LDH), alkaline phosphatase (ALP) and gamma-glutamyl transferase (gamma-GT), and level of International Normalized Ratio (INR) were measured in the routine clinical laboratory. Baseline values were used for calculation of the Model of End stage Liver Disease (MELD) score using the formula: (0.957 \* ln(serum creatinine) + 0.378 \* ln(Serum Bilirubin) + 1.120 \* ln(INR) + 0.643) \* 10 and pediatric end-stage liver disease (PELD) score using the formula: 10 \* ((0.480 \* ln(Bilirubin)) + (1.857 \* ln(INR)) - (0.687 \* ln(Albumin)) + age + growth). Chronic Liver Failure-Sequential Organ Failure Assessment (CLIF-SOFA) score was calculated using baseline values in patients with AoCLF \[[@CIT0013]\]. Acute Physiology and Chronic Health Evaluation (APACHE) II- \[[@CIT0014]\], Sepsis-related Organ Failure Assessment (SOFA)- \[[@CIT0015]\] and Systemic Inflammatory Response Syndrome (SIRS) \[[@CIT0016]\] scores were calculated before and after treatment.

Statistical analyses {#S0006}
--------------------

Repeated measurements were analyzed with the Wilcoxon signed rank test. Between groups comparisons were done with the Kruskal--Wallis and Mann--Whitney *U* tests. For parameters that changed significantly during MARS treatment, baseline values and baseline values minus values after last treatment were used as covariates in a univariate logistic regression model to find factors predicting survival without or until transplantation. Baseline values minus values after last treatment were also used in a Cox regression model to explore their ability to predict 30 days post-transplantation survival (survival time was censored at 30 days). The presented *p*-Values are two-sided, and *p* \< 0.05 was considered significant. The statistical analyses were performed using SPSS 21.0 (IBM®, Chicago, IL).

Results {#S0007}
=======

Study population {#S0008}
----------------

Eighty-two patients (37 males and 45 females) aged between were treated with MARS in the study period. Their median age was 43 years, ranging from 1 month to 70 years. Sixty-nine (84%) patients were listed for emergency LT. There were 30 males and 39 females and their median age was 49 years, ranging from 1 month to 70 years). All were mechanically ventilated and their median hepatic encephalopathy score was 4 (range 0--4). Patients with encephalopathy grade 0-2 had PNF of their liver transplant and were listed for urgent re-transplantation.

MELD score in patients 12 years of age or older (*n* = 56) was 33 (interquartile range (IQR) 26--39). In patients younger than 12 years of age (*n* = 13), median PELD score was 13 (IQR 11--28). Patients aged 18 years or older with AoCLF (*n* = 15) had a median CLIF-SOFA score of 15 (IQR 15--17) and corresponding CLIF-SOFA grades of a median of 3 (IQR 3--3).

Fifty-six patients (81%) were transplanted, and 46 of these (82%) were alive after 30 days. Median survival time in the 10 patients that died within 30 days post-transplantation was 3 days ranging from 0 to 24 days. Thirteen patients were not transplanted. Of these, nine died while waiting for a liver transplant, and four recovered and were withdrawn from the transplant list ([Figure 1](#F0001){ref-type="fig"}). The patients' diagnoses are listed in [Table I](#T1){ref-type="table"}, and the yearly distribution of patients with ALF, AoCLF and PNF are depicted in [Figure 2](#F0002){ref-type="fig"}. There were no difference in MELD/PELD score between survivors and none survivors neither in the transplanted group (*p* = 0.74) nor in the not transplanted group (*p* \> 0.99). All nine patients that died before they could be transplanted had severe hepatic coma. Six also had evidence of SIRS, one bled from esophageal varices simultaneously with myocardial infarction, and one had intraoperative cardiovascular collapse before the liver could be inserted. One deeply comatose patient with alcoholic cirrhosis and a MELD score of 45 succumbed from intracranial hemorrhage (ICH) after 26.5 h of MARS treatment.

![**All patients treated with the Molecular Adsorbent Recirculating System at Oslo University Hospital, Rikshospitalet between March 2005 and January 2014.**](igas_a_1027262_f0001_ob){#F0001}

###### 

**Indications for molecular adsorbent recirculating system (MARS) treatment in 69 patients listed for liver transplantation in Norway since 2005.**

                                               Number
  -------------------------------------------- --------
  *Acute liver failure*                        39
  Intoxication                                 19
  Paracetamol                                  14
  Unknown                                      9
  Other                                        11
  *Acute on chronic liver failure*             16
  Hepatitis B                                  3
  Hepatitis C                                  4
  Alcoholic cirrhosis                          3
  Primary biliary atresia                      2
  Primary sclerosing cholangitis               2
  Biliary atresia                              1
  Chronic graft dysfunction                    1
  *Primary non-function of liver transplant*   14

![**Indications for treating patients listed for liver transplantation with the Molecular Adsorbent Recirculating System.**](igas_a_1027262_f0002_ob){#F0002}

In patients 18 years of age and older (*n* = 54), there was a modest reduction in APACHE II-score from a median of 22 (IQR 18--26) prior to start of MARS treatment to 21 (IQR 17--24) (*p* = 0.03) after the last treatment, whereas the SOFA-score was unchanged (median 15 (IQR 12--17) vs. 14 (13--16) (*p* = 0.97). Ten patients fulfilled SIRS-criteria prior to and after treatment.

MARS treatment {#S0009}
--------------

The patients were treated with MARS for a median of 27 h (range 1--144 h) with a median of three cycles (range 1--15 cycles). The number of cycles with which survivors and non-survivors were treated was similar both in the transplanted group of patients (*p* = 0.92) and in the not transplanted patients (*p* = 0.26). Despite running the circuits without anticoagulation, we did not have any episodes of filter clotting. Treatment was not disrupted in any patient due to suspected MARS related complications.

Biochemical parameters {#S0010}
----------------------

Significant changes in concentrations of several biochemical parameters were seen already after 1--2 h of treatment as compared to baseline ([Table II](#T2){ref-type="table"}). Hemoglobin and WBC remained stable, but platelet count was reduced with a median of 19 \*10^9^/L after 1--2 h and after end of treatment the total drop was 29 \*10^9^/L. There was a small but significant increase in sodium of totally 1 mM, whereas potassium and calcium remained stable. Phosphate and magnesium decreased immediately and at end of treatment they were lowered with 0.2 and 0.12 mM, respectively. The liver-failure-related toxicity parameter ammonium decreased modestly during the treatment period. However, no significant decrease could be seen after 2 h of treatment, and in 22 cases ammonium actually increased after MARS treatment was started. There was no difference in ammonium concentrations between survivors and non-survivors in the transplanted group (*p* = 0.34). However, among the patients who were not transplanted (*n* = 14) ammonium decreased significantly more in survivors (*n* = 9) as compared to non-survivors (*n* = 5) (median decrease (IQR) 68 (62--81) vs. 0 (17--25) (*p* = 0.01). Bilirubin increased significantly immediately after start of treatment, but at end of treatment the values were modest, but significantly lower than before treatment was started. Transaminases, LDH, ALP and gamma-GT all decreased significantly, as did the renal function parameters creatinine and urea. Neither total plasma protein nor albumin changed during the first 2 h of treatment, but fibrinogen decreased from a median of 1.1--0.8 g/L. The coagulation test INR increased significantly with a value of 0.3 after start of treatment, and after end of treatment, it was still significantly higher than baseline values. In the patient who died of ICH, the course of platelets and INR were 33- 50- 99 \*10^9^/L and 4.4- 3.8-3.4 (platelets and plasma were transfused). Fibrinogen decreased from 1.3 to 0.8 and further to values below 0.5 g/L.

###### 

**Parameters measured before, during, and after start of treatment with the Molecular Adsorbent Recirculating System (MARS).**

                               0--2 h before MARS   2 h after start MARS   *p*-Value^1^   After last MARS treatment   *p*-Value^2^
  ---------------------------- -------------------- ---------------------- -------------- --------------------------- --------------
  *Hematology parameters*                                                                                             
  Hemoglobin (g/dL)            9.6 (8.9--10.9)      9.5 (8.8--10.2)        0.06           9.2 (8.7--10.2)             0.10
  Platelet count (\*10^9^/L)   81 (58--131)         62 (38--122)           \< 0.001       52 (42--75)                 \< 0.001
  White blood cell count       8.6 (6.4--14)        7.9 (5.3--13.1)        0.28           7.5 (4.6--12.1)             0.13
  *Electrolytes*                                                                                                      
  Na^+^ (mmol/L)               141 (137--146)       142 (138--146)         0.03           143 (139--146)              0.02
  K^+^ (mmol/L)                4.0 (3.5--4.5)       3.9 (3.6--4.3)         0.53           4.0 (3.6--4.3)              0.43
  Ca2^+^ (mmol/L)              2.04 (1.86--2.32)    2.06 (1.90--2.27)      0.95           2.12 (2.00--2.40)           0.19
  Phosphate (mmol/L)           1.2 (0.8--1.8)       1.0 (0.7--1.8)         0.001          1.0 (0.5--1.4)              0.002
  Magnesium (mmol/L)           0.86 (0.76--1.01)    0.78 (0.70--0.87)      \< 0.001       0.74 (0.69--0.84)           \< 0.001
  *Toxicity parameters*                                                                                               
  Ammonium (µmol/L)            148 (104--213)       137 (99--196)          0.32           124 (85--174)               0.03
  Bilirubin (µmol/L)           150 (74--353)        169 (73--280)          0.03           139 (72--242)               0.01
  *Enzyme activity*                                                                                                   
  AST (U/L)                    2147 (316--6293)     1857 (263--6137)       \< 0.001       594 (173--2983)             \< 0.001
  ALT (U/L)                    1576 (340--5029)     1355 (2665--3959)      \< 0.001       834 (121--2565)             \< 0.001
  LDH (U/L)                    958 (383--4981)      852 (381--4629)        \< 0.001       518 (259--1506)             \< 0.001
  ALP (U/L)                    121 (94--170)        110 (86--152)          0.02           103 (73--149)               0.002
  Gamma-GT (U/L)               63 (37--98)          51 (26--90)            0.004          35 (20--75)                 \< 0.001
  *Renal parameters*                                                                                                  
  Creatinine (µmol/L)          136 (74--288)        127 (54--208)          \< 0.001       74 (44--146)                \< 0.001
  Urea (mmol/L)                8.2 (4.6--13.8)      7.2 (4.1--11.8)        \< 0.001       5.4 (2.1--9.2)              \< 0.001
  *Plasma proteins*                                                                                                   
  Total protein (g/L)          47 (41--51)          46 (39--51)            0.93           46 (39--51)                 0.10
  Albumin (g/L)                30 (26--33)          30 (27--35)            0.16           31 (25--35)                 0.24
  Fibrinogen (g/L)             1.1 (0.9--1.5)       0.8 (0.6--1.2)         0.002          1.0 (0.5--1.3)              0.01
  *Coagulation*                                                                                                       
  INR                          2.4 (1.8--2.0)       2.7 (2.0--3.7)         0.04           2.5 (1.9--3.7)              0.004
  APTT                         63 (45--100)         70 (49--100)           0.77           72 (51--103)                0.33

Values obtained 2 hours after start of MARS (1) and after last MARS treatment (2) were compared to values obtained 0-2 hours before MARS with the Wilcoxon Signed Rank-test.

Note: Values are presented as median (quartiles).

ALP = Alkaline phosphatase; ALT = Alanine aminotransferase; APTT = Acivated partial thromboplastin time; AST = Aspartate aminotransferase; gamma GT = Glutamyl trans/ferase; INR = International normalized ratio; LDH = Lactate dehydrogenase.

In the univariate logistic regression model, none of the baseline parameters (data not shown) or changes in parameters during MARS treatment predicted patient survival without or until transplantation significantly ([Table III](#T3){ref-type="table"}). Decrease in phosphate during MARS was a negative predictor of 30-day post-transplantation survival and decrease in gamma-GT was a positive predictor in the univariate Cox regression model. However, none of these changes were significant in the multivariate Cox regression analyses ([Table IV](#T4){ref-type="table"}).

###### 

**Univariate logistic regression analyses of ability to predict survival without (*n* = 4) or until (*n* = 56) liver transplantation in 69 patients listed for liver transplantation. Baseline values minus values after treatment with the Molecular Adsorbent Recirculating System (MARS) are covariates.**

                               Odds ratio   95% Confidence interval   *p*-Value
  ---------------------------- ------------ ------------------------- -----------
  Platelet count (\*10^9^/L)   1.01         0.99--1.03                0.33
  Sodium (mmol/L)              0.94         0.84--1.05                0.30
  Phosphate (mmol/L)           2.91         0.73--11.6                0.13
  Magnesium (mmol/L)           1.83         0.01--461                 0.83
  Ammonium (µmol/L)            1.00         1.00--1.01                0.22
  Bilirubin (µmol/L)           1.00         0.99--1.00                0.58
  AST (U/L)                    1.00         1.00--1.00                0.16
  ALT (U/L)                    1.00         1.00--1.00                0.53
  LDH (U/L)                    1.00         1.00--1.00                0.62
  ALP (U/L)                    1.00         0.99--1.01                0.82
  Gamma-GT (U/L)               1.02         0.99--1.05                0.27
  Creatinine (µmol/L)          1.02         1.00--1.05                0.050
  Urea (mmol/L)                1.02         0.92--1.13                0.72
  Fibrinogen (g/L)             0.64         0.18--2.30                0.49
  INR                          1.49         0.91--2.40                0.11

Note: Only parameters that changed significantly during MARS treatment according to Table II were tested.

Abbreviations: ALP = Alkaline phosphatase; ALT = Alanine aminotransferase; AST = Aspartate aminotransferase; gamma GT = Glutamyl transferase; INR = International normalized ratio; LDH = Lactate dehydrogenase.

###### 

**Cox regression analyses of parameters ability to predict 30-days post liver transplantation survival in Molecular Adsorbent Recirculating System treated patients that were subsequently liver transplanted (*n* = 56). Baseline values minus values after MARS treatment are covariates. Only parameters that changed significantly during MARS treatment according to Table II were tested.**

                               Univariate   Multivariate                                  
  ---------------------------- ------------ -------------- ---------- ------ ------------ ------
  Platelet count (\*10^9^/L)   1.00         0.99--1.01     0.43                            
  Sodium (mmol/L)              1.05         0.94--1.15     0.39                            
  Phosphate (mmol/L)           0.05         0.00--0.76     0.03       0.20   0.01--7.93   0.39
  Magnesium (mmol/L)           0.40         0.00--51       0.71                            
  Ammonium (µmol/L)            1.00         0.99--1.00     0.50                            
  Bilirubin (µmol/L)           1.00         0.99--1.01     0.46                            
  ALT (U/L)                    1.00         1.00--1.00     0.86                            
  AST (U/L)                    1.00         1.00--1.00     0.19                            
  LDH (U/L)                    1.00         1.00--1.00     0.89                            
  ALP (U/L)                    1.01         1.00--1.03     0.13                            
  Gamma-GT (U/L)               1.03         1.01--1.4      \< 0.001   1.02   0.99--1.04   0.26
  Creatinine (µmol/L)          0.99         0.98--1.01     0.27                            
  Urea (mmol/L)                0.99         0.91--1.08     0.82                            
  Fibrinogen (g/L)             1.83         0.54--6.17     0.33                            
  INR                          0.95         0.54--1.67     0.85                            

Note: Only parameters that changed significantly during MARS treatment according to Table II were tested.

Abbreviations: ALP = Alkaline phosphatase; ALT = Alanine aminotransferase; AST = Aspartate aminotranesferase; gamma GT = Glutamyl transferase; INR = International normalized ratio; LDH = Lactate dehydrogenase.

Discussion {#S0011}
==========

Clinical controlled trials have failed to show that MARS can improve survival rates in patients with liver failure. It is frequently argued that survival studies are confounded by LT, and we fully agree that it would be ethically impossible to exclude patients from transplantation to perform the appropriate RCTs. We therefore consider critically analyzing observational data from MARS-treated patients is in particular important.

Out of 69 high MELD score patients listed for LT as many as 60 patients (87%) either recovered spontaneously or were liver transplanted. Taken the expected high mortality rates without LT, and the relatively long waiting time of about 48 h to receive an emergency liver transplant in Scandinavia into account, we consider the reported survival rate is at an acceptable level \[[@CIT0017]\]. One could therefore argue that MARS is a safe therapeutic intervention in patients with ALF listed for LT. Further, taken the theoretical benefits of removing albumin-bound toxins from the blood stream into account, one could argue that it would be good medical practice offering all ALF patients listed for emergency LT MARS treatment. However, our data reveal possible severe side effects of the MARS treatment including coagulopathy and electrolyte disturbances. Indeed, one patient with severe coagulopathy succumbed due to an ICH during MARS treatment. Importantly, our data also question MARS's efficacy in removing known cerebro-toxic substances like ammonia.

Among numerous substances and mechanisms involved in liver-failure-related brain damage, hyperammonemia-related brain edema is a frequent cause of death for patients with ALF and AoCLF \[[@CIT0019]\]. Therapeutic interventions therefore need to include measures to reduce the levels of circulating ammonium until the patient can be transplanted, or the liver recovers spontaneously. The interventions should be started as soon as possible in particular young patients with hyperacute liver failure since they are at high risk of developing high intracranial pressure (ICP) with consecutive herniation. Overall, we had a relatively small, but statistically significant reduction in ammonia. However, in the smaller group of patients who were not transplanted (*n* = 13), it is notable that the patients who survived (*n* = 4) had a substantial and significant reduction in serum ammonia, whereas ammonia did not decrease in non survivors (*n* = 9), suggesting that MARS may not be able to protect every patient from hyperammonemia. Ideally, an extracorporeal circuit should have an ammonium-reducing capacity exceeding all clinical challenges. Ammonia (NH~3~) is a small molecule that, in its soluble form (ammonium, NH~4~ ^+^), can be removed from the blood stream by common renal replacement therapy techniques like CRRT. It has recently been shown that ammonia clearance correlates closely with filtration rates during CRRT and that a filtration rate of 90 ml/kg/h is more efficient than 35 ml/kg/h \[[@CIT0020]\]. All our patients were treated with filtration rates between 30 and 40 ml/kg/h on the CRRT-side of the MARS circuit. It is therefore likely that increasing the filtration rates in MARS protocols would increase ammonia clearance, but this needs to be explored in formal trials.

Patients with ALF typically present with coagulopathy, and depending on the severity of the condition high INR values, thrombocytopenia and hypofibrinogenemia are usually detected \[[@CIT0021]\]. Adding an invasive therapeutic intervention potentially worsening the coagulopathy and thereby putting the patients in a state of increased risk of bleeding is highly questionable. Indeed, after starting MARS we detected a statistically significant increase in INR, and decreases in platelet count and fibrinogen. We consider it unlikely that these impairments in coagulopathy solely mirror a spontaneous worsening of liver failure, and our results are in accordance with reports from other authors \[[@CIT0022]\]. The patient who succumbed of ICH during MARS presented with severe coagulopathy and in particular hypofibrinogenemia worsened during treatment, emphasizing the necessity of close monitoring and aggressive correction of coagulation disorders. This is in particular important for centers monitoring their comatose liver failure patients with ICP monitors \[[@CIT0024]\]. We consider the risk of ICH is too high in these patients and have therefore abandoned inserting ICP monitors and rely upon intermittent transcranial Doppler sonography measurements \[[@CIT0026]\].

Like worsening of coagulopathy, electrolyte disturbances regularly occur after start of MARS treatment and close monitoring also of phosphate and magnesium, which are usually not measured at the bedside with blood gas devices, is required \[[@CIT0028]\]. However, it does not seem to be an increased risk of developing hyponatremia possibly contributing to brain edema \[[@CIT0029]\].

There are extracorporeal circuits other than MARS. However, neither the Prometheus system (Fresenius GmBH) \[[@CIT0030]\], single-pass albumin dialysis \[[@CIT0031]\] or plasma exchange therapy \[[@CIT0032]\] have been able to show improved survival rates as compared to standard medical therapy, and there is no convincing evidence suggesting that one of the methods is superior compared to others \[[@CIT0005]\]. Although refining existing methods by e.g. increasing filtration rates in the MARS system may be beneficial, we encourage development of other methods like hepatocyte-based bioartificial liver dialysis systems \[[@CIT0034]\].

In conclusion, this study indicates that continuous MARS therapy may be of value in bridging liver failure patients to LT under close observation and treatment of coagulopathy and electrolyte disturbances. Increasing flow rates on the CRRT side of the circuit is likely to increase ammonia removal, but this needs to be explored in future studies.
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